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Context

• TPF STDT & TPF Technology Plan:  Extensive requirements to discover and 
characterize terrestrial planets in the HZ - Large Flagship many $B

• Exoplanet Task Force (ExoPTF): focus on big picture strategy, ordering of 
missions, focus on habitable planet characterization

• NASA Concept Mission Studies, several on direct optical imaging

• Exoplanet Forum May 2008

• Task for our chapter on Direct optical imaging:

‣ Provide an update on direct imaging science

‣ Study the case of a probe (medium) size mission

‣ Provide a technology assessment for both coronagraphs and occulters



Chapter summary

• Science goals summary

‣ Large missions: Earth twin template

‣ Medium missions: Giants planets, Neptunes, Super Earths, disks. 

‣ Discussion of combined astrometric or RV detection with imaging

• Architecture scaling

‣ Relevant scales for direct imaging

‣ Two types of architecture: Internal coronagraphs and external occulters

• Technology

‣ Specific technologies for internal and external architectures

‣ Shared technologies



Chapter summary



Large missions

• ExoPTF recommendation:

‣ Astrometry provides mass and orbits

‣ Astrometric precursor can provide ‘Where’ and ‘When’ to observe with the 
followup characterization mission

• Revisit the ExoPTF recommendation:

‣ Precursor astrometric mission and characterization must be matched

‣ ‘Where’:  precursor information for direct imaging missions?

‣ ‘When’: ephemeris accuracy for imaging missions?



Medium missions

ExoPTF Report:  "While our Task Force fully appreciates the great 
scientific� potential for characterizing extrasolar giant planets from space, we 
recognize that this capability may not lie on the critical path to directly 
detecting and characterizing extrasolar terrestrial planets. Any mission that will 
accomplish our primary goal will (if properly defined) also characterize 
numerous giant planets. We thus do not call specifically for a cool giant planet 
characterization mission. However if technological innovation enables an 
inexpensive new approach, or if a mission specifically designed to detect such 
planets turns out to lie on the critical path to characterization of Earths, we 
would enthusiastically await its discoveries."

However, ExoPTF also says that the knowledge 
of exozodiacal disks is on the critical path.



Medium missions

• Expand the ExoPTF recommendation of combining indirect and direct 
methods to a medium size mission:

‣ Combine RV & ground-based astrometry with a characterizer mission

• Solve the exozodical dust question for future flagship mission

• This strategy is independent of an astrometric mission both in terms of 
science goals and timing sequence



Large mission: TPF-C requirements (STDT)

5) TPF-C shall be able to detect photons within the spectral range from 0.5 µm to 1.1 µm.
  
(6) TPF-C shall be able to measure the absolute brightness of  the Earth twin planet in Require- 
ment (1) in at least one bandpass to within 10%.  

(7) For the Earth and Jupiter twins in Requirements (1, 2), TPF-C shall be able to measure the 
relative brightness in at least three broad spectral bands to a relative accuracy of  10% or better.  

(8) TPF-C shall be able to detect O2 and H2O in the atmosphere of  the Earth twin planet speci- 
fied in Requirement (1). Relevant absorption bands and required resolutions are listed in 
1.4.1. TPF-C shall also be able to detect CH4 in the atmosphere of  a Jupiter twin in this same 
system. Detection is defined as the ability to measure the equivalent width of  a spectral band 
to within 20% accuracy.  

(9) TPF-C shall have a minimum spectral resolution of  70 over the entire bandpass specified in 
requirement (5) to allow the mission to search for absorption bands of  unspecified gases or 
surface minerals.

IWA  -  OWA
65 - 500 mas



Direct imaging main goals for a small mission

• Giants, Neptune-mass, Super Earths

• Observations of known RV planets (and planets to be detected by ground 
based Astrometry)

‣ constrain orbital inclination and thus the mass (2 observations at least)

• Obtain low-resolution spectra or filter spectroscopy to characterize the slope 
and band depths of the major absorbers

‣ constraints on atmospheric temperature, presence of bright cloud layers, 
system age, mass of the planet

• Determination of the atmospheric composition to infer whether the pattern of 
enrichment seen in solar system giants holds in other systems as well

‣ the utility of low resolution, low SNR spectra needs to be studied



Spectra and possible filters

!

Marley et al.



• Information is in the 
band depths

• Just detecting 
continuum with 
dropouts limits 
interpretation

Continuum alone is not enough

Marley et al.



Not all “Jupiters” are “Jupiter”

• “Jupiter” at various 
orbital distance

• Spectral shape - 
continuum/band 
contrast - yields 
temperature range

• Constrains gravity 
and albedo

Fortney et al.
!



Limitations from ExoZodiacal Disk

!

Hinz et al.



Exozodi imaging
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• Avoid: pale blue dot, no mass, no radius, no spectrum

• Spectra may be challenging for small mission

• Photometric estimates unreliable

‣ Clouds, photochemistry, surface composition, more variety than we can 
anticipate, many degenerate interpretations

• Spectral gravity indicators plausible, but:

‣ model dependent, radius, mass, composition degeneracies

‣ challenging at low S/N, low R

• Need RV and/or astrometric detection for complete characterization

‣ in principle 2 images yield mass for RV planets

‣ need to model accuracy given realistic mission
‣ fiducial objects allow characterization of other worlds

Planet characterization



Relevant architecture scales

• Coronagraphs

‣ Ground-based telescopes (ExAO current & ELTs)

‣ Suborbital environments (balloons & sounding rockets)

‣ Probe/medium size missions (~$700M)

‣ Flagship missions (>$1B)

• Occulters

‣ Flagship

‣ Probe if ‘host telescope’ used, e.g. JWST

• Hybrid systems

‣ Flagship



!

Relevant architecture scales



Astrometry and Imaging

• Combination of indirect & direct methods is necessary to provide full 
characterization

‣ Both missions need to be matched

‣ Mass is biased from astrometry measurements (Brown 2009)

• ExoPTF: astrometry provides the ‘Where’ & ‘When’ to observe

• ‘Where’

‣ Little gain from precursor knowledge based on DRM study for occulter and 
coronagraph (Savransky et al. 2009) 

• ‘When’

‣ low completeness of recovery based on astrometric ephemeris (Brown 
2009)



Matching Astrometry and Direct Optical Imaging

‣ Astroph 0903.5139v1 (white paper)‣ Bob Brown (2009)



Precursor knowledge

• Little gain in detections and characterizations

• Gain in exposure time available for general astrophysics
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Fig. 15.— Simulation results for THEIA, with and without precursor knowledge.
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Fig. 15.— Simulation results for THEIA, with and without precursor knowledge.

• Savransky, Kasdin & Cady 2009

‣ Astroph 0903.4915 (submitted)



Precursor knowledge

• positional metric +/- 0.3 a,  C=0.5 after 1 year, C=0.3 after 5 years (SNR=8)

• recovery completeness C<0.1 after one period after end of astrometric observations 
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‣ Astroph 0901.4897v2 (ApJ)‣ Bob Brown (2009)



Overlap with RV planets

!

1.5m, 2λ/D @ 500nm

1.5m, 3λ/D @ 500nm

1.5m, 4λ/D @ 500nm



Overlap with RV planets

!

Occulter 
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3.7 DETECTORS 

Electron multiplying CCDs (EMCDD) having high quantum efficiency (QE) in the optical and near-
IR (0.4-1.1 µm) with low dark current and read noise will be a critical component of any exoplanet 
direct imaging mission The technology for n-channel EMCCDs in the 0.4-0.8 µm region is already 
well in hand, with high-QE photon counting detectors commercially available (e.g. E2V’s L3Vision 
series CCDs) sufficient for medium scale missions. We recommend the continued development to 
enhance the QE in the near-IR by bringing photon-counting capabilities to p-channel CCDs.  

4. TECHNOLOGY ASSESSMENT SUMMARY 

Figure 5 illustrates how mission architecture impacts technical risk and readiness as an indicator of 
technology development need, irrespective of the merit of the science. The first column lists the 
main technologies of interest, with demonstration of the starlight suppression physics to flight levels 
being the most important. The subsequent columns correspond to representative concepts of 
various sizes, and are not intended to be an exhaustive list of proposed missions. Numerical values, 
where appropriate, represent performance goals for flight which can vary with mission scale.   

5. PROPOSED MATURATION PROGRAM 

5.1 TECHNOLOGY DEVELOPMENT 

While specific technology development plans are tailored for each individual direct exoplanet 
imaging mission concept (e.g., TPF-C [2]) we present a broader view covering the overall direct 
optical imaging missions. 

In the very near-term there should be a competed effort to downselect the most promising 
starlight suppression approach(es) with a path to a TRL 6 demonstration in time for a medium 
and/or large mission. Note that for internal coronagraph starlight suppression architectures are 
essentially independent of mission size and can be demonstrated as a full scale system. 

In parallel we advocate a long term community investment in the common technologies for 
large scale exoplanet missions, starting with modeling and large deployable structures as the 
priorities. This investment is expected to grow substantially once the starlight suppression options 
have been demonstrated and down-selected as to accommodate funding for the large testbeds 
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Figure 5 Summary of technologies for internal and external coronagraphs as a function of size.  
Columns correspond to representative mission concepts and scales. Green represents 
mature/low risk technologies, red are immature/high risk technologies, yellow is in between. 
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Figure 5 Summary of technologies for internal and external coronagraphs as a function of size.  
Columns correspond to representative mission concepts and scales. Green represents 
mature/low risk technologies, red are immature/high risk technologies, yellow is in between. 



Internal Coronagraph Technology

• Coronagraph concepts: Pupil apodization, Lyot Coronagraphs, Interferometric 
coronagraphs, other techniques

• Optical Diffraction modeling and laboratory demonstration

•  Deformable mirrors

• Wavefront sensing and control algorithms (architecture, Control, Estimation)

• Coronagraph Optics manufacturing (binary masks, amplitude masks, phase 
masks, aspheric surface polishing)



External Occultor Technology

• Optical Diffraction Modeling and Laboratory Demonstration

• Occulter System Maturation

• Deployment

• Formation Flying & Pointing Control subsystem

• Precision edge and scattered sun light

• Integrated optical mechanical and thermal analysis

• Micrometeoroids

• Propulsion systems



Shared Technologies (Coronagraph & Occulter)

• Telescope and mirror technology (on/off -axis, Passive/Active, mirror quality, size

• Detectors (Photon Counting CCDs, Low Temperature Detectors

• Precision Thermal Control and Analysis

• Isolation Systems (Disturbance Free Payload, Two-stage isolation systems)

• Verification and Validation



Direct Optical Imaging: Executive summary

• Probe - scale mission for exoplanetary systems characterization that is not 
accessible from the ground in the same time frame

‣ Exozodiacal characterization (1 zodi at 1-3 AU) of brightness, structures 
and clumpiness. 

‣ Direct detection and spectral characterization (0.4 to 1.0 um) of planets 
and planetary systems including at least 13 known RV Giant planets, and 
unknown Neptune-mass and Super Earths planets

• Long term flagship mission for the characterization of potentially habitable 
Earth-size planets

• Aggressive and sustained technology development starting immediately to 
meet readiness by mission start, including sub-orbital environments

• R&A support for developing preliminary science and maturing mission 
designs in particular for the definition and optimization of combined 
Astrometry/RV and imaging missions.
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